The survival of single strains of Bifidobacterium breve, Bifidobacterium longum, Lactobacillus acidophilus, and Lactobacillus reuteri was investigated in synbiotics that included 10 mg/ml of fructo-oligosaccharides, inulin and pectic-oligosaccharides in an alginate matrix under refrigerated (4 °C) aerobic storage conditions. When the matrices were cross-linked with calcium (45 mM), 10 2 -10 3 cfu/ml of L. acidophilus and L. reuteri, and 0-10 3 cfu/ml of B. breve and B. longum survived refrigerated aerobic storage for 28 days. Following refrigerated storage, acetic (3-9 mM), butyric (0-2 mM), propionic (5-16 mM) and lactic acids (1-48 mM) were produced during the growth of probiotics in BHI broth at 37 °C, suggesting their metabolic activity after storage was stressed. When calcium cross-linking was not used in synbiotics, the matrix remained more gel-like after inoculation when compared to the calcium cross-linked matrix. At least 10 7 cfu/ml of probiotic bacteria survived after 21 days of storage within these gel-like alginate matrices. Significantly higher levels of B. breve, L. acidophilus and L. reuteri were obtained from the synbiotic matrices supplemented with fructo-oligosaccharides, inulin and pectic-oligosaccharides compared to alginate alone. B. longum survival was the same (~7 logs) in all gel-like synbiotic matrices. These results show that synbiotics protected probiotic bacteria and extended their shelf-life under refrigerated aerobic conditions. Synbiotics represent a viable delivery vehicle for health-promoting bacteria.
Introduction
Probiotics are health-promoting bacteria known to compete with pathogenic bacteria thereby increasing the life span and well-being of an individual (Lebeer et al., 2010; Metchnikoff, 1907) . In functional foods formulated with probiotics, it is important to maintain adequate amounts of viable micro-organisms to confer health benefits to the host (WHO/FAO, 2002) . Probiotic bacteria, primarily included in the genera Lactobacillus and Bifidobacterium, compete in the gastro-intestinal (GI) tract with pathogenic bacteria such as members of the Enterobacteriaceae family, and Clostridium difficile (Gibson and Wang, 1994; Hudault et al., 1997; Lievin et al., 2000) . Colonic pH is lowered by probiotic bacteria producing short chain fatty acids (SCFAs), creating an unfavourable environment for the growth of some pathogens. Additional benefits of probiotic bacteria include protection against gastroenteritis and other gastrointestinal disorders, stimulation of the immune system and better absorption of minerals (Marteau et al., 2001; Sanders et al., 2007; Yamano et al., 2006) . However, these benefits are possible only if significant numbers of metabolically active probiotic bacteria are present in the gastrointestinal tract.
Prebiotics are dietary fibre components currently defined as 'a selectively fermented ingredient that results in specific changes in the composition and/or activity of the gastrointestinal microbiota, thus conferring benefit(s) upon host health' . Fibres with prebiotic activity confirmed by clinical studies include inulin (IN), fructo-oligosaccharides (FOS), lactulose, and galactooligosaccharides (Crittenden and Playne, 2009; . Resistant starch and alginates are non-digestible fibres with prebiotic activity in rats and mice Wang et al., 2006) , but no clinical data has been reported yet. Pectic oligosaccharides (POS) are also candidate prebiotics with in vitro mixed batch faecal culture prebiotic data reported , but clinical results reported to date demonstrated immunostimulation and not a prebiotic effect (Fanaro et al., 2005; Vos et al., 2007) . Clinical studies have shown that adequate dosages of prebiotics (9-15 g per day for 15 days) have resulted in increased Bifidobacterium and reduced Clostridium, Eubacterium rectale, Bacteroides and Fusobacterium numbers in the GI tract (Gibson et al., 1995; Harmsen et al., 2002) . Many probiotic bacterial strains are incorporated into fermented foods like yogurt, dairy desserts and cheeses (Capela et al., 2006) . However, due to health benefits and market demand, probiotics are also being increasingly applied in functional foods such as fruit juice based beverages, chocolate, cereal and meat products (Arihara et al., 1998; Charalapompoulos et al., 2002 Charalapompoulos et al., , 2003 Martenson et al., 2002) . This rapid expansion in probiotic food diversity has raised concerns regarding the viability of bacteria during processing and storage conditions of both bacteria and food. It is recommended that at least 10 7 cfu of probiotic bacteria are required per g or ml of a probiotic product for any intended health benefits (Ishibashi et al., 1993) . However, studies have reported low numbers of probiotic bacteria, both Lactobacillus and Bifidobacterium species, in probiotic foods (Shah, 2000; Shah et al., 2000) . This could be due to oxygen and temperature sensitivities, and inadequate acid or salt tolerance of some probiotic strains (Dave and Shah, 1997; Lankaputhra et al., 1995; Tamime et al., 2005; Tharmaraj and Shah, 2004) . Preservation methods for probiotic bacteria, including freeze or spray drying, use extreme temperature and osmotic conditions, which can result in reduced viability of probiotic bacteria (Gardiner et al., 2000; Meng et al., 2008; Selmer-Olsen et al., 1999; Teixeira et al, 1995; To and Etzel, 1997a,b) . Considering the mechanism of action of probiotics, it is not only important to improve their survival, but also to investigate their metabolic activity and growth characteristics at the end of food product shelf life.
Synbiotics are a combination of prebiotics and probiotics intended to maximise the effect of both entities, and can be a simple mixture (Luchansky, 2000; Ouwehand et al., 2009 ) of the two, or probiotics can be micro-encapsulated (Sarkar, 2010) within a prebiotic matrix for either an additive or synergistic effect. The primary intention of the latter synbiotic is to give a layer of protection for the bacteria during their travel through the gastrointestinal tract (Gibson and Collins, 1999) . Calcium alginate and starch are matrix polysaccharides commonly used to micro-encapsulate probiotic bacteria and improve their gastrointestinal viability (Sarkar, 2010; Zhao et al., 2011) . By using prebiotics in the matrix there is potential to provide dual benefits to the consumer. Prebiotics not only stimulate the growth of probiotic bacteria but also can protect them during processing and storage of the product. Our previous study showed that calcium alginate synbiotics including FOS, IN and POS can have a beneficial effect on the survival and viability of probiotic bacteria during refrigerated aerobic storage conditions . Therefore, synbiotic micro-encapsulation represents an alternative probiotic preservation method that works well in dairy and oil emulsion food formulations (Sarkar, 2010) .
The objectives of this current study are to: (1) quantify the protective effect of alginate-based synbiotics that includes FOS, IN and POS, on the survival of probiotic strains during aerobic storage at 4 °C for 4 weeks and 4 months; and (2) evaluate the growth characteristics and short chain fatty acid production of the probiotic bacteria stored within synbiotic matrices.
Materials and methods
The oligosaccharides and polysaccharides used in this study were POS (PectaGest; EcoNugenics, Santa Rosa, CA, USA), FOS (Raftilose P95; BENEO-Orafti, Tienen, Belgium), IN (Raftilose Synergy 1; BENEO-Orafti), and high viscosity alginic acid (sodium salt, Type IV; Sigma, St. Louis, MO, USA). The pectic oligosaccharide composition (mole %) was 49.2% galacturonic acid, 33.7% arabinose, 6.9% galactose, 3.8% glucose, 3.5% rhamnose, 2.0% xylose, 0.7% glucuronic acid and 0.3% fucose using methods reported previously (Zhao et al., 2008) . Lactobacillus acidophilus (Luchansky 1426 ; USDA-ARS, Wyndmoor, PA, USA), Lactobacillus reuteri (Luchansky 1428; USDA-ARS), Bifidobacterium breve (2141, ATCC 15698; ATCC, Manassas, VA, USA) and Bifidobacterium longum (3300, ATCC 15697) were used in this study.
Synbiotic matrix preparation
A solution of alginate (A; 10 mg/ml) was prepared in deionised water supplemented with each of the other oligosaccharides and polysaccharides (POS, FOS, IN; 10 mg/ml). Alginate (A; 10 mg/ml) alone was also prepared in a similar manner. The resulting solutions (POSA, FOSA, INA and Alginate) were pipetted (120 µl/well) into a 96-well microtiter plate (Fisher Scientific, Pittsburgh, PA, USA) and placed inside a freezer (-20 °C) for at least 60 min, followed by lyophilisation. A 0.045 M calcium chloride solution was added to each well for at least 60 min. These matrices were then washed with deionised water in a beaker (3×). The calcium cross-linked matrix plug was then returned to a 96-well plate, placed in a freezer (-20 °C) and lyophilised again . The effect of calcium on the survival of bacteria was studied by repeating the above procedure without adding the calcium chloride solution.
Probiotic bacteria were grown in De Man, Rogosa and Sharpe (MRS) broth (pH 5.5-6.0; Difco, BD, Franklin Lakes, NJ, USA) (De Man et al., 1960) at 37 °C in an anaerobic chamber (Bactron IV, Shell Lab; Sheldon Manufacturing, Cornelius, OR, USA; 5% H 2 , 10% CO 2 , 85% N 2 ). Each matrix plug (both calcium cross-linked and without calcium crosslinking) within the 96-well plate was inoculated with 15 µl of bacterial cultures (10 8 -10 9 cfu/ml or 10 6 -10 7 cfu/matrix based on 15 µl inoculum) in replicates. Four 96-well plates were stored at 4 °C for 4 weeks under aerobic conditions. Two additional 96-well plates were stored at 4 °C for 4 months under aerobic conditions for scanning electron microscopic (SEM) analysis.
Survival of bacteria
A 96-well microtiter plate was removed from the refrigerator after every week and matrix plugs were inoculated into sterile bottles containing 200 ml of Brain Heart Infusion (BHI, pH 7; Difco) broth. The bottles were shaken until the matrix completely dissolved and then incubated at 37°C in an anaerobic chamber. Immediately after inoculation, 1 ml of broth was removed from the bottles, serially diluted as needed and spread plated on MRS (Difco) agar plates using sterile cell spreader (Fisher Scientific, Pittsburgh, PA, USA). The samples were plated in quadruplicate and incubated inside the anaerobic chamber for 24-48 h prior to enumeration. For the four week samples, an additional 1 ml of the broth was removed from the inoculated bottles and frozen at -20 °C in a sterile Eppendorf tube for short chain fatty acid analysis. Differences in 0 h plate counts after 7, 14, 21, 28 days of storage at 4 °C were checked for significance using a 2-tailed t-test with unequal variance. This was done to evaluate the number of viable cells over the storage period.
Modelling bacterial growth
The plate counts obtained from each of the specific time intervals were used to evaluate growth characteristics (lag time, growth rate and maximum population density) according to Gibson et al. (1988) (Table 1 ). The Gompertz function (Gibson et al., 1988) described below was fitted to the growth data sets using non-linear regression (SAS version 9.2, TS Level 2M3; SAS Institute, Cary, NC, USA). This mathematical model is a function of time and is given by Equation 1:
where, A = asymptotic log-count as time (t) decreases indefinitely, C = asymptotic amount of growth that occurs as t increases indefinitely, B = relative growth rate at M, and M is the time at which the absolute growth rate is a maximum.
The control used in this study was the growth characteristics of bacteria (not stored in any matrix and t = 0) in BHI broth for 48 h. The growth characteristics were separated using the pairwise least significant difference (LSD) technique (P<0.05).
Short chain fatty acid analysis
To analyse the presence and types of short chain fatty acids, each of the frozen 1 ml samples that were obtained from the four week samples were thawed overnight at 4 °C. Each of the thawed samples was centrifuged at 13,000×g for 10 min (Manderson et al., 2005; Olano-Martin et al., 2002) and filtered (0.22 µm) prior to high performance liquid chromatography (HPLC) analysis. An autosampler was programmed to inject 20 µl of the sample onto a HPLC system that included a refractive index detector (RID-10A; Shimadzu, Columbia, MD, USA), an Aminex HPX-87H column (300×7.8 mm; Bio-Rad, Hercules, CA, USA) maintained at 40 °C, and a Cation H micro-guard column (30×4.6 mm; Bio-Rad). The eluent was 5 mM H 2 SO 4 at a flow rate of 0.6 ml/min. The data was collected and analysed using Chromeleon (ver. 6.8; Thermo Scientific, Waltham, MA, USA) software. Quantification of samples utilised calibration curves of lactic, acetic, propionic and butyric acids (0.05-0.1 M) (Rycroft et al., 2001) . The experiments were repeated in replicates. Differences in the SCFA data was tested for significance (P<0.05) using ANOVA (SigmaPlot 11.0; Systat Software Inc., Chicago, IL, USA) using the Holm-Sidak method of pairwise multiple comparison.
Scanning electron microscopy
The matrices were frozen in liquid nitrogen and fractured using a cold scalpel blade followed by sputter coating with gold. Some samples were analysed directly without freeze fracture. The samples were examined with a Quanta 200 FEG environmental scanning microscope (FEI Co. Inc., Hillsboro, OR, USA) operated in the high vacuum, secondary electron imaging mode. 
Results and discussion

Survival of probiotic bacteria
The protective effect of calcium cross-linked POSA, FOSA, INA and alginate alone on the survival of probiotic bacteria at 4 °C under aerobic conditions was evaluated. The calcium alginate matrix was porous with many internal cavities ( Figure 1 ) that could harbour bacterial growth as we reported earlier . Bacteria were recovered after 7, 14, 21, 28 days of storage and levels were determined by anaerobic plate counts (Table 2) . Significantly higher levels of L. acidophilus were recovered from POSA after 7 and 28 days, FOSA after 7 days and INA after 28 days of storage .
Growth characteristics
The Gompertz equation was used to model anaerobic growth characteristics of probiotic bacteria after 4 weeks of aerobic storage at 4 °C in calcium cross-linked synbiotic matrices (Table 3) . Analysis of variance was performed between L. acidophilus (1426), L. reuteri (1428), B. breve (2141) and B. longum (3300) strains for each individual growth characteristic. The growth characteristics of bacteria stored in fibres were compared with the control, which was the bacterial level prior to matrix inoculation.
The growth rate and generation time of probiotic bacteria stored in different synbiotic matrices remained the same following four weeks of refrigerated aerobic storage compared to the growth characteristics of bacterial cultures not stored as synbiotics (Table 3 ). There was an increase in maximum population density observed for L. reuteri stored in all matrices. The lag time decreased for L. acidophilus and B. longum stored in FOSA as well as for L. reuteri and B. longum stored in INA. Even though calcium alginate synbiotics did not support 7 log cfu/ml levels of probiotic bacteria, there was isolated evidence for enhanced anaerobic growth characteristics (lag time and maximum population density) during recovery from four weeks of refrigerated aerobic storage. 
Short chain fatty acid analysis
The difference in SCFA production by probiotic bacteria during 48 h of anaerobic growth following four weeks of refrigerated aerobic storage was analysed (see Appendix A). The BHI broth used for this study contained 2 mM acetic acid and no other organic acids were present prior to the growth of probiotic bacteria. The levels of acetic (3-9 mM), butyric (0-2 mM) and propionic acids (5-16 mM) produced were very low and the lactic acid levels produced were very high (1-48 mM) when compared to a previous report on the in vitro prebiotic activity of POS in mixed batch faecal cultures (Manderson et al., 2005) . The SCFA production ability of probiotic organisms is very important; however, the effect of individual organic acid levels on specific health benefits is not well established. Nonetheless, these results indicate that the probiotic bacteria in calcium alginate synbiotics were still metabolically active after a stressful refrigerated aerobic storage period. Lactobacilli and bifidobacteria do not typically produce propionate and butyrate. However, Han et al. (2005) reported that Bifidobacterium bifidum produced propionate and butyrate under solid state fermentation conditions, while only lactate and acetate were produced under submerged fermentation conditions. The water content of the calcium alginate synbiotics were probably even lower than the solid state fermentation conditions used by Han et al. (2005) . Therefore, stressed, low water activity conditions may cause lactobacilli and bifidobacteria to produce propionate and butyrate.
Scanning electron microscope analysis
Previously, we showed SEM images of L. acidophilus and L. reuteri within calcium alginate-based synbiotic matrices, when the matrices were placed in MRS or BHI growth media . From that study, we were able to conclude that these bacteria were viable after 4 weeks of storage at 4 °C. In the present study, we looked into the viability of these bacteria for up to 4 months of aerobic storage at 4°C. SEM of the calcium alginate matrix inoculated with bacteria ( Figure 1 ) had the same honeycomb-like structure reported previously . Bacteria were not visible in any of the cavities of calcium alginate matrices (Figure 1 ), but POSA, FOSA and INA synbiotic matrices had lawns of bacteria in their cavities (Figures 2 and 3) . Therefore, it appears that calcium alginate alone cannot support the survival of probiotic bacteria over longer storage periods (4 months), reinforcing the importance of FOS, IN and POS prebiotic fibres for synbiotic extended shelf life.
After four months of refrigerated aerobic storage, we recovered 4-5 log cfu/ml of all four probiotic bacteria from FOS and IN synbiotic matrices, which grew to 9 log cfu/ml in 24 h of incubation in BHI broth. B. breve and B. longum (1-2 log cfu/ml) were recovered from POS synbiotics and it took 3 days for these probiotics to reach 9 log cfu/ml after BHI broth inoculation. No bacteria were recovered after four months of refrigerated aerobic storage from synbiotic matrices consisting of calcium alginate alone. Therefore, FOS, IN and POS-containing synbiotics not only protected and enhanced survival of probiotic bacteria, but also provided maximum synbiotic shelf life compared to calcium alginate alone.
It should be noted that the experimental design could not compare the effects of different prebiotics during anaerobic growth of probiotic bacteria since 200 ml of BHI broth was inoculated with synbiotics, a dilution below the concentration necessary for prebiotic activity. However, the positive effect of synbiotics on probiotic survival may have been due to initial prebiotic activity producing critical levels of probiotic bacteria so that survival during refrigerated aerobic storage was possible. The pectic oligosaccharides used in this study had very similar monosaccharide composition to those produced from orange peel with in vitro prebiotic activity (Manderson et al., 2005) , except that the glucose content was very low in the POS used here compared to that reported previously. POS was reported to have a similar prebiotic index compared to FOS, but POS had greatest activity after longer time in mixed batch faecal cultures (Mandalari et al., 2007; Manderson et al., 2005) . Our previous results on the POS protective effect on lactobacilli survival in synbiotics utilised the same orange peel POS that was reported to have in vitro prebiotic activity (Manderson et al., 2005) . In the present study, citrus POS (POS 2 in Hotchkiss et al., 2010) was obtained from a commercial source. This POS also had in vitro prebiotic activity , and performed as well as FOS and IN in enhancing the survival of probiotic bacteria in synbiotics stored under refrigerated aerobic conditions.
Effect of calcium cross-linking on survival of probiotics
Since calcium cross-linked alginate matrices did not produce at least 7 log cfu/ml levels of probiotic bacteria, the effect of non-calcium cross-linked matrices on probiotic survival was investigated. All the non-calcium cross-linked synbiotic matrices were inoculated with all 4 probiotic bacteria and aerobically stored at 4 °C for 3 weeks.
It was possible to produce at least 10 7 cfu/ml of probiotic bacteria following refrigerated aerobic storage in alginate synbiotic matrices without calcium cross-linking (Table 4) . There was no significant difference in the survival of probiotic bacteria (at least 10 7 cfu/ml) produced from FOSA, INA and POSA synbiotics after 3 weeks of storage (Table 4) . Additionally, no significant differences in B. longum levels (at least 10 7 cfu/ml) were produced from each of the synbiotic matrices. (Wang et al., 2006) . The specific growth rate and maximum growth of B. longum was significantly greater in media supplemented with alginate oligosaccharides in comparison to FOSsupplemented media, whereas no differences were observed for L. acidophilus grown on media supplemented with the different prebiotics (Wang et al., 2006) . These results suggest that synbiotic protection of probiotic survival can only be partially explained by prebiotic activity.
The results (Table 4 ) also demonstrated 4-7 logs higher survival of probiotic bacteria than found in calcium crosslinked matrices (Table 2 ). The physical state of the matrices might be responsible for this phenomenon. Without calcium cross-linking, synbiotics had a much more gel-like matrix following inoculation compared to the calcium crosslinked matrix (Figure 4 ). Liquid uptake is much greater in alginate compared to calcium alginate matrices (Ching et al., 2008) . Using a constant inoculation volume (15 μl), we observed that the calcium alginate synbiotic matrices shrunk in size and became more rapidly dehydrated than the alginate synbiotic matrices (Figure 4) . Therefore, hydration maintenance is likely to be a contributing factor for the survival of probiotic bacteria in synbiotic matrices. The gellike non-calcium cross-linked matrix may exist in a glassy state, which is important for the survival of freeze-dried probiotic bacteria (Santivarangkna et al., 2011) . In a glassy state, diffusion-related deterioration reactions are reduced due to lower water activity and the presence of sugars was important during freezing and dehydration steps (Meng et al., 2008; Santivarangkna et al., 2011) . However, more research is necessary to demonstrate that the prebiotics used here contributed these protective properties to synbiotics during refrigerated aerobic storage. We also observed that non-calcium cross-linked alginate matrix readily dissolved in BHI broth when compared to the calcium cross-linked matrix, which was consistent with the matrix erosion results reported previously (Ching et al., 2008) . However, after ingestion, the synbiotic matrix must have structural stability to withstand low pH gastric conditions. A calcium (0.3 M) alginate (3%) matrix that included 8% skim milk was used to protect L. reuteri DPC16 from pH 1.2 simulated gastric fluids (Zhao et al., 2011) . Too much water content was detrimental to viability and survival of Lactobacillus helveticus during fluidised bed drying (Selmer-Olsen et al., 1999) . Therefore, a critical balance must be found between a sufficiently hydrated synbiotic matrix that will improve viability of live probiotic bacteria (i.e. 10 7 cfu/ml), but not overly hydrated to the extent that probiotic inactivation occurs during drying, and a matrix with high structural stability. A dry doublemicroencapsulation method was used to coat L. acidophilus with FOS, lactulose and raffinose using a poly(vinylacetate) phthalate enteric coating system (Ann et al., 2007) . Perhaps this method could be used to improve structural stability as well as pH and heat resistance, while also preserving internal hydration for alginate-based synbiotics. 
Conclusions
The synbiotic matrices had a beneficial effect on the survival of probiotic organisms. Prebiotics had isolated influence on lag time and maximum population density growth characteristics in a strain specific manner. Short chain fatty acids were produced by all the probiotic bacterial strains stored within different synbiotic matrices confirming their metabolic activity after revival from refrigerated aerobic storage. FOS, IN and POS provided optimal protection of probiotic bacteria with shelf life up to four months observed. Without calcium cross-linking, alginate synbiotics existed in a gel-like state following inoculation and produced 4-7 logs higher survival of probiotic bacteria. These results have a potential to translate into a health benefit that can be confirmed by in vivo studies in the future. Potential future work in this area will be to establish water sorption isotherms for these matrices and relate them to the survival of probiotic bacteria within them. These matrices have potential in commercial functional food applications due to their ability to retain probiotic bacteria even after storage in refrigerated aerobic conditions.
